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Abstract – Photo-oxidation of cheese products has become an issue due to the fact that packaging
of cheeses in transparent materials is very frequently used. The present study aimed to investigate
the effect of fat content and availability of oxygen on light-induced oxidation in cheese, as we
expected that the fat content would affect the oxidation pathways. Two different model cheeses with
5.4% and 18% fat were packed in air and in vacuum, respectively. The contents of protein
(dityrosine and dimethyl disulphide (DMDS)) and lipid (lipid hydroperoxides, pentanal, hexanal
and heptanal) oxidation products were signiﬁcantly reduced in vacuum-packed cheeses compared
to cheeses packed in air. Protein oxidation correlated to the concentration of lipids in the cheeses,
and interactions between the lipid radicals and proteins seemed to be decisive for the generation of
dityrosine, whereas the inﬂuence of lipid radicals on the generation of the DMDS seemed more
ambiguous. The higher levels of dityrosine and DMDS in the cheese with a high fat content
indicated that transfer of radicals from the lipids to the proteins occurred. Even though the
generation of DMDS was reduced in vacuum-packed cheese when compared to cheese packed in
air, DMDS was formed in vacuum-packed cheese.
protein oxidation / fat content / light exposure / radical transfer
摘要 – 干酪的脂肪含量和包装条件与光致脂肪和蛋白氧化的关系○ 由于商业化包装干酪的
大量使用，包装干酪中脂肪光氧化的问题越来越突出○ 本文探讨了包装干酪中脂肪含量和
包装中可利用氧气量对光引起的脂肪氧化作用的影响，以其探讨脂肪含量与光氧化途径之
间的关系○ 将脂肪含量为 5.4% 和 18% 的两种干酪分别采用有空气和真空包装○ 真空包
装干酪中的蛋白氧化产物 (二酪氨酸、二甲基二硫醚 DMDS) 和脂肪氧化产物 (脂质氢过氧
化物、戊醛、己醛、庚醛) 的含量明显低于有空气包装的干酪○ 在干酪中蛋白质的氧化作
用与脂肪浓度相关，而且脂质基团与蛋白质之间的相互作用程度是由产生的二酪氨酸的量
来决定的，但是产生的 DMDS 对脂质基团的影响则难以判定○ 高脂肪干酪中含有较高水
平的二酪氨酸和 DMDS，这个结果表明脂肪到蛋白质分子之间发生了基团的转移○ 与有
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Résumé – Oxydation des protéines et des lipides dans les fromages induite par la lumière :
incidence de la teneur en matière grasse et des conditions d’emballage. La photo-oxydation des
fromages est devenue un sujet d’intérêt en raison de l’utilisation accrue de matériaux transparents
pour le conditionnement les fromages. La présente étude avait pour but d’évaluer l’effet de la teneur
en matière grasse et de la disponibilité en oxygène sur l’oxydation photo-induite dans les fromages,
car il était attendu que la teneur en matière grasse devait affecter les réactions d’oxydation. Deux
modèles de fromage différents, contenant respectivement 5,4 % et 18 % de matière grasse, ont été
conditionnés en présence d’air ou sous vide. Les teneurs en produits d’oxydation des protéines
(dityrosine, diméthyl disulﬁde (DMDS)) et des lipides (hydroperoxydes, pentanal, hexanal,
heptanal) étaient signiﬁcativement réduites dans les fromages conditionnés sous vide, en
comparaison avec ceux conditionnés sous air. L’oxydation des protéines était corrélée à la
concentration en lipides des fromages, et les interactions entre les radicaux lipidiques et les
protéines semblaient être déterminantes pour la génération de dityrosine, alors que l’inﬂuence des
radicaux lipidiques sur la génération du DMDS semblait moins évidente. Les niveaux plus élevés
de dityrosine et de DMDS dans le fromage contenant une teneur élevée en matière grasse
montraient qu’un transfert de radicaux avait lieu des lipides vers les protéines. Même si la
génération de DMDS était réduite dans le fromage conditionné sous vide en comparaison au
fromage conditionné sous air, le DMDS se formait dans le fromage conditionné sous vide.
oxydation des protéines / teneur en matière grasse / exposition à la lumière / transfert de
radicaux
1. INTRODUCTION
Photo-oxidation of cheese products has
become an issue due to the fact that packag-
ing of dairy products in transparent materials
is very frequently used. In general, lipid oxi-
dation has been the main focus due to its
high impact on ﬂavour/off-ﬂavour formation
in all dairy products. However, the increas-
ing production and sale of low fat dairy
products, including low fat cheeses, makes
the oxidation of amino acids and proteins
of interest due to its higher impact on off-
ﬂavour formation in products with limited
fat content. Sulphur compounds have been
suggested to be of major importance when
speaking of protein oxidation in dairy prod-
ucts, and the oxidation of methionine to
methional has been proposed to be the major
sulphur oxidation product giving rise to
off-ﬂavour in skimmed milk [1]. However,
more advanced methods have shown that
dimethyl disulphide (DMDS) was the major
protein oxidation product in milk [19].
DMDS was reported to be mainly responsi-
ble for the off-ﬂavour formation in low fat
dairy products such as skimmed milk [15],
and DMDS has also been detected in low
fat cheese [2].
Storage conditions affect the oxidative
stability of cheese, and both modiﬁed atmo-
sphere [24] and light exposure [2, 23, 24]
have an impact on the formation of oxida-
tion products. Illumination with white
light gave rise to riboﬂavin-mediated photo-
oxidation [2], while porphyrins and chlorins
played a more important role when exposed
to red, orange and yellow light [34]. In
the violet, blue and green region riboﬂavin,
porphyrins and chlorins may play a
role [32]. Riboﬂavin-mediated photo-
oxidation is believed to take place through
two different mechanisms. The type I mech-
anism in which triplet-excited riboﬂa-
vin reacts directly with the substrate by
abstraction of an electron or a hydrogen
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from the substrate to generate radicals, or the
type II mechanism in which triplet-excited
riboﬂavin reacts with atmospheric oxygen
forming the reactive singlet oxygen. The
photo-sensitiser riboﬂavin tends to favour
the type I mechanism without any inﬂuence
of singlet oxygen in aqueous solution [4],
but the ratio of the two different mechanisms
bywhich riboﬂavin acts is still unclear in dif-
ferent dairy products.
Even though much effort has been put
into measuring the generation of protein
oxidation products such as dityrosine
[5, 28] and protein carbonyls [5, 17] in
model systems, only few studies concern
light-induced protein oxidation in dairy
products, and in the cheese system only a
single study has shown the presence of dity-
rosines [3]. The complexity of the cheese
matrix may be the reason for the little atten-
tion given to this subject as problems with
off-ﬂavour formation due to protein oxida-
tion have been agreed on for years [7, 19].
In the present study we investigated lipid
and protein oxidation in cheese with high
and low fat content packaged with different
contents of oxygen. The hypothesis was that
high fat content would increase the accumu-
lation of lipid oxidation products during
light exposure while low fat content might
favour the oxidation of proteins. Reducing
the availability of oxygen was expected to
reduce the overall generation of both lipid
and protein oxidation products.
2. MATERIALS AND METHODS
2.1. Materials
Two cheeses available on the market
with different fat content, Cheasy 6%
(6% fat) and Samsø (26% fat), were used.
Both types of cheese were produced from
bovine milk by ARLA Foods amba
(Hjørring and Taulov Dairies, Denmark).
Neutrase was purchased from Novozymes
A/S (Kalundborg, Denmark) and Natamycin
(Natamax) from Danisco A/S (Grindsted,
Denmark). Ascorbic acid (99.7%), α-, δ-
and γ-tocopherol (all > 96%), riboﬂavin
(> 98%), ethylenediaminetetraacetic acid
(99%), citric acid monohydrate, iron-(III)-
chloride hexahydrate (97%), hexanal
(98%), 1-hexanol (99.5%) and heptanal
(> 92%) were obtained from Sigma Aldrich
Chemie GmbH (Steinheim, Germany).
Reagents such as H2SO4 (95–97%),
HCl (37%), NaCl (99%), trichloroacetic
acid (TCA) (99%), BaCl2 (99%), iron-
(II)-sulphate (99.5%), NaH2PO4·2H2O
(99.5%), Na2HPO4·2H2O, CaCl2·2H2O
(99%) and H2O2 (30%), NaOH (> 99%)
were obtained from Merck (Darmstadt,
Germany). Sodium acetate, pentanal (97%)
and 4-methyl-2-pentanone (99%) came
from Fluka Chemie GmbH (Buchs,
Germany). Acetonitrile, chloroform,
hexane, 2-propanol and methanol (all
HPLC-grade) and heptane (99%) were
from Rathburn Chemicals (Walkerburn,
Scotland). The reagent NH4SCN (99%)
was from VWR BHD Prolabo (Leuven,
Belgium).
2.2. Production of model cheeses
Model cheese systems (hereafter referred
to as cheese) were prepared from the semi-
hard, rindless, low fat cheese Cheasy 6%
(6% fat) and a Samsø cheese (26% fat)
ripened for ~ 6 weeks. Model cheeses were
used in order to avoid cheese-to-cheese var-
iation. The original cheese (28.6 kg) was
cut into pieces (10 × 10 × 4 cm) and mixed
with 14.5 kg pasteurised water in a Scanima
Mixer SRB-50 (Scanima A/S, Aalborg,
Denmark) for 2 min at 272× g through
punching holes of 4 mm until a homoge-
neous cheese paste was obtained. A total
of 12.5 mg·kg−1 Chricin C (Chr. Hansen,
Hørsholm, Denmark) was added to prevent
microbial growth, and the paste was heated
to 80 °C for 5 min. The temperature of
the cheese paste was reduced to 45 °C
before 0.08 AU of the proteolytic enzyme
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Neutrase was added, and the paste was
mixed for ~ 5 min. The cheese paste was
transferred to 1 kg sterile DUMA containers
(Gerresheimer Vaerloese A/S, Værløse,
Denmark) and cooled to 4 °C before being
frozen at −20 °C. The ﬁnal cheese paste
produced from the low fat cheese contained
31.1% dry matter (d.m.) [11], 5.4% fat
(~ 17.4% of d.m.) [14] and 21.0% protein
(~ 67.5% of d.m.) [12], respectively, while
the cheese paste produced from a 26%
Samsø cheese contained 40.1% dry matter,
18.3% fat (~ 45.6% of d.m.) and 18.0%
protein (~ 44.9% of d.m.). In both types
of model cheese, the pH was 5.6, while
the salt content [13] was 1.0% and 1.3%
in high and low fat model cheeses, respec-
tively. The water activity at 25 °C was
0.988 in the cheese with 18% fat content
and 0.989 in the cheese with 5.4% fat when
measured on an Aqualab model Series 3TE
(Decagon Devices Inc., Pullman, USA).
After thawing at 4 °C, the cheese pastes
were transferred into the lids (d. 9 mm) of
sterile Petri dishes (Frisenette, Knebel,
Denmark) with a depth of 5 mm, treated
with 5 g·L−1 natamycin and packed in vac-
uum or with air, respectively, in packing
material consisting of a layer of 70 μm
polyamide and 20 μm polyethylene (PM
Pack Service, Horsens, Denmark).
2.3. Experimental design
The cheeses were stored in triplicate
at 15 °C under ﬂuorescent light (400–
600 nm) from a light source (TL-D 90 de
Luxe Pro 18W/965 SLV, Philips, Frankfurt,
Germany) as used in retail, with an intensity
of 1800 lux measured at the surface of the
cheeses. Control samples were stored in par-
allel. These control samples were wrapped
in an aluminium foil to avoid light expo-
sure. The samples were stored for 0, 1, 2,
3, 7, 14 and 21 days and analysed for lipid
hydroperoxides, volatile compounds, dity-
rosine, riboﬂavin and vitamin E. The cheese
samples were homogenised before with-
drawn to the different analyses.
2.4. Lipid hydroperoxides
One gram of cheese was dispersed in
5 mL of demineralised water and mixed
by Ultraturrax for 45 s. The lipid hydroper-
oxides were extracted into 10 mL (1:1)
methanol:chloroform mixture. The samples
were mixed for 30 s on a whirlmixer and
ﬁnally centrifuged for 10 min at 1000× g.
One millilitre of the chloroform phase was
transferred into chloroform-cleaned glasses
and mixed with 1 mL of iron II/thiocyanate
mixture according to the IDF standard
(74A:1991) modiﬁed by Østdal et al. [25].
Absorbance was measured at 500 nm with
700 nm used as background subtraction on
an HP-8453 diode array spectrophotometer
from Agilent Technologies (Palo Alto,
USA), and quantiﬁcation was performed
according to external standards using a
calibration curve made in the concentra-
tions 0.5, 1.0, 2.5, 5.0, 7.5, 10.0 and
20.0 μg·mL−1 of iron (III). The samples
were diluted properly to be within the
range of the standard curve. Samples were
analysed in triplicate.
2.5. Volatile compounds
The volatile compounds (pentanal, hex-
anal, heptanal and DMDS) were identiﬁed
and quantiﬁed by GC-MS headspace analy-
sis. One millilitre of deionised (18.2 MΩ)
ﬁltered water (0.22 μm) plus 1 mL of
internal standard (100 ng·mL−1 4-methyl-2-
pentanone) was transferred to a 12.5 mL
vial containing 2 g of light-treated cheese
and sealed with Teﬂon before incubation
at 37 °C for 30 min. The headspace was
analysed for volatile compounds using a
Carboxen/PDMS SPME ﬁbre with a
ﬁlm thickness of 30 μm from Supelco
(Bellefonte, USA), which was incubated
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at 60 °C for 30 min in the headspace of each
sample. Desorption of the sample from the
ﬁbre was performed into the inlet of a
GC 154ON from Agilent Technologies
(Waldbronn, Germany) equipped with a
Zebron, ZB-5ht column from Phenomenex
(Torrance, USA) coated with a non-
metal 5%-phenyl 95%-dimethylpolysilox-
ane phase with the dimensions: 0.25 mm
i.d., 0.25 μm and 30 m. Helium was used
as carrier gas with a constant ﬂow rate of
1.2 mL·m−1 in 100 N·m−2. The splitless
injector was kept at 250 °C.An SPME injec-
tion sleeve liner from Supleco (Bellefonte,
USA) with an inner diameter of 0.75 mm
was applied. The column temperature was
programmed to stay at 40 °C for 4 min
followed by an increase from 40 to 120 °C
with a rate of 5 °C·min−1, a hold time of
5 min and a subsequent temperature
gradient from 120 to 300 °C with a rate of
20 °C·min−1. Mass spectral analysis was
performed in selected ion monitoring
according to the ions determined by the use
of a standard for each compound (Tab. I)
on a quadrupole MSD 5975 (Agilent
Technologies, Germany) with a quadrupole
temperature of 150 °C and a fragmenta-
tion voltage of 70 eV. The ion source
temperature was 230 °C, and the interface
temperature was 280 °C. Quantiﬁcation
was performed relatively using external
standard curves with concentrations of
1–500 ng·mL−1 H2O of each compound to
avoid day-to-day variation on individual
compounds. Samples were measured in
duplicate.
2.6. Dityrosine
Dityrosine was measured in 1 g of
cheese. The cheese was dispersed in 5 mL
of demineralised (18.2 MΩ), ﬁltered water
(0.22 μm) and mixed on a whirlmixer for
45 s. Before the cheeses were frozen to
−20 °C for later analysis, 1 mL of
1 mol·L−1 NaCl in 0.1 mol·L−1 H2SO4
was added to the samples. Twelve millilitre
of 2-propanol were added to the thawed
samples, and they were subsequently mixed
for 3 min before fat extraction was per-
formed after addition of 9 mL of pentane.
After another 3 min of mixing, the samples
were centrifuged for 5 min at 1000× g. The
fat extraction was performed three times
before the samples were dissolved in
4 mL of 50 mmol·L−1 phosphate buffer
and precipitated in 10% TCA and ﬁnally
centrifuged for 10 min at 1000× g. The pel-
let was acid hydrolysed in 6 mol·L−1 HCl
overnight and measurements were per-
formed according to Dalsgaard et al. [5]
using reverse phase HPLC combined with
ﬂuorescence detection. External standard
curve (0–2000 nmol·mL−1) of dityrosine
was used for quantiﬁcation and the samples
were measured in triplicate.
2.7. Riboﬂavin
The cheese (1 g) was dispersed in 5 mL
of demineralised (18.2 MΩ), ﬁltered water
(0.22 μm) and mixed for 30 s on a whirl-
mixer. Protein was precipitated in 10%
TCA on ice for 10 min and subsequently
centrifuged at 1000× g for 10 min. Approx-
imately 1 mL of the supernatant was ﬁltered
through a cellulose ﬁlter (0.45 μm) and
transferred directly into brown-coloured
vials to avoid further light exposure. The
samples were injected onto a reverse phase
column (Sorbax SB-C8 with the dimension
4.6 × 150 mm, 5 μm from Agilent Tech-
nologies, USA). The riboﬂavin was quanti-
ﬁed using ﬂuorescence detection according
to Silva et al. [29]. Quantiﬁcation was
Table I. Target and qualiﬁer ions used in the
GC-MS measurements.
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performed using external riboﬂavin
standards: 2.0, 1.5, 0.75, 0.5, 0.1, 0.05,
0.025, 0.01 and 0.005 μg·mL−1 prepared
from a 100 μg·mL−1 riboﬂavin stock solu-
tion in 0.02 mol·L−1 NaOH. Samples were
measured in triplicate.
2.8. α-Tocopherol
The cheese (1 g) was dissolved in 1 mL
of demineralised water mixed for 30 s and
subsequently mixed for 10 min with 2 mL
of ethanolic ascorbic acid (1%). A saturated
potassium hydroxide solution (0.3 mL) was
added and mixed for 10 s before incubation
for 30 min at 70 °C. While incubated, the
samples were shaken every 5 min. Subse-
quently, the samples were cooled on ice,
and 1 mL of demineralised water and
3 mL of heptane were added and mixed
for 1 min. The samples were centrifuged
at 3 min at 1700× g, and the upper phase
was transferred into brown-coloured vials
and injected onto a Hypersil Silica column
(4.6 × 200 mm, 5 μm from Thermo Fischer
Scientiﬁc Inc., Waltham, USA), and eluted
from the column using mobile phases of
98% hexane and 2% 2-propanol. Fluores-
cence detection was performed using excita-
tion and emission wavelengths of 295 and
330 nm, respectively. Quantiﬁcation was
performed using an external standard curve.
Samples were measured in duplicate.
2.9. Statistical analysis
Statistical analysis was performed
using the Generalised Linear Models
(GLM) procedure of SAS version 9.2 (SAS
Institute Inc., Cary, USA). In order to obtain
normality the data were transformed by the
log(10) function. The LS-means were calcu-
lated and differences regarded as signiﬁ-
cant at minimum 95%-level (P < 0.05).
Differences were classiﬁed by the Ryan-
Einot-Gabriel-Welsch (REGW) multiple
range test (SAS Institute Inc., Cary, USA).
3. RESULTS
The amino acid and protein oxidation
products dityrosine and DMDS were used
as markers for protein oxidation, while lipid
hydroperoxides, pentanal, hexanal and
heptanal, were followed as markers for
lipid oxidation. Riboﬂavin and vitamin E
(α-tocopherol) were furthermore analysed
in order to describe the loss of photo-sensi-
tizer and a naturally occurring antioxidant.
The concentration of riboﬂavin was
1.3 ± 0.3 μg·g−1 in low fat cheese and
1.5 ± 0.4 μg·g−1 in the cheese with 18%
fat at day zero before any photo-oxidation
had occurred (Fig. 1A). The level of riboﬂa-
vin was signiﬁcantly reduced (P < 0.0001)
in both types of cheese already within the
ﬁrst day of exposure to ﬂuorescent light
and completely vanished within the ﬁrst
2–3 days of light exposure, independent of
the presence of oxygen. No signiﬁcant dif-
ference (α = 0.05) in the levels or in the
degradation of riboﬂavin was measured
between the cheeses. The generation of di-
tyrosine mirrored the loss of riboﬂavin in
cheeses packed in air, and this was reﬂected
in a regression coefﬁcient of −0.83 and
−0.91 for cheeses packed in air with 5.4%
and 18% fat, respectively. A plateau was
reached within the ﬁrst three days of light
exposure with two different levels for each
of the two types of cheeses. Thus, the dity-
rosine content was 4.51 and 12.36 nmol·g−1
cheese in cheeses with 5.4% and 18% fat,
respectively, at the 21st day of incubation
when the cheeses were packed in air. The
plateau levels reached at the third day of
light exposure were signiﬁcantly different
(P < 0.001) between the low fat cheese
and the cheese with 18% fat when they
were packed in air (Fig. 1B), while insignif-
icant changes (α = 0.05) were seen in the
level of dityrosine in the vacuum-packed
cheeses.
The level of lipid hydroperoxides in the
cheeses packed in air increased steadily
for the whole period of incubation (21 days)
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up to 1.2 and 5.1 μg·g−1 cheese in cheeses
with 5.4% and 18% fat, respectively,
whereas the lipid hydroperoxide accumula-
tion was insigniﬁcant (α = 0.05) for the ﬁrst
14 days of incubation in the vacuum-
packed low fat cheeses (Fig. 1C). Within
the last 14 days of incubation (days 7–21),
the level of lipid hydroperoxides in the
vacuum-packed cheese with 18% fat
indicated an increasing tendency, even
though the increase found was insigniﬁcant
(α = 0.05). The level of lipid hydroperox-
ides in the vacuum-packed cheese with
18% fat was signiﬁcantly (P < 0.001) lower
(0.9 μg·g−1 cheese) than in the cheeses
packed in air (5.1 μg·g−1) after 21 days.
The accumulation of DMDS followed to a
certain extent a similar pattern as the accu-
mulation of lipid hydroperoxides in the
cheese with 18% fat (Fig. 1D), even though
the accumulation of DMDS in the cheese
with 18% fat tended to be somewhat reduced
over time when compared to the lipid hydro-
peroxide accumulation. In the low fat cheese
the accumulation of DMDS was less signiﬁ-
cant, and a signiﬁcant difference (P < 0.001)
was detected in the levels of generated
DMDS between the two types of cheese as
well as between the packaging conditions.
For the last seven days of incubation
(days 14–21), the accumulation of DMDS
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Figure 1. Decrease of the naturally occurring photo-sensitiser riboﬂavin in low fat model cheese
packed in atmospheric air (○) and in vacuum (●) and in model cheese with 18% fat also packed in
atmospheric air (Δ) and in vacuum (▼) after illumination with ﬂuorescent light for a period of
21 days (A) and accumulation of dityrosine (B), lipid hydroperoxides (C) and DMDS (D). Rel. Int.:
calculated relatively to external standard curves (ng·mL−1). Bars indicate standard deviations of
triplicate for riboﬂavin, dityrosine and lipid hydroperoxides and duplicate for DMDS. Small
squares illustrate low fat cheese in atmospheric air (○) and in vacuum (●) for the ﬁrst seven days of
light exposure.
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showed a signiﬁcant increase (P < 0.001)
when compared to the vacuum-packed low
fat cheese. The level in the vacuum-packed
cheese with 18% fat was comparable to the
level of DMDS observed in the low fat
cheeses packed in air. Hence, both of the
protein oxidation products (dityrosine and
DMDS) seemed to be dependent on both
fat content and content of oxygen in the
packaging, even though the generation of
DMDS was less dependent on the availabil-
ity of air.
The increase in both lipid hydroperox-
ides continued long after the riboﬂavin
had completely vanished indicating a con-
tinuous chain reaction. Chain-breaking anti-
oxidants could avoid this mechanism, but
consumption of chain-breaking antioxidants
may have occurred upon illumination
with light. Vitamin E was therefore mea-
sured in the two types of cheese. The only
tocopherol present in the two types of
cheese was α-tocopherol. The concentra-
tions of α-tocopherol were 1.1 and
3.9 μg·g−1 cheese (data not shown) in
cheese with 5.4% and 18% fat, respectively,
which reﬂects the fat content in the two
different types of cheese. Within the ﬁrst
seven days, the α-tocopherol content
decreased rapidly in the low fat cheese
packed in air, after which a stable level
was reached (Fig. 2A). The cheese with
18% fat packed in air showed a rapid
decrease in α-tocopherol content as well
for the ﬁrst seven days of incubation, even
though the relative decrease was not as
rapid as for the low fat cheese packed in
air. The loss of α-tocopherol continued for
the whole period of incubation in the cheese
with 18% fat, even though the decrease was
relatively small after the third day of oxida-
tion. The level of α-tocopherol in the cheese
with 18% fat (0.8 ± 0.1 μg·g−1 cheese
at day 21) never reached the level measured
in the low fat cheese (0.3 ± 0.1 μg·g−1
cheese at day 21). In the vacuum-packed
cheeses, the content of α-tocopherol
decreased more slowly within the ﬁrst
seven days of incubation when compared
with the cheese packed in air, and the
relative decrease in α-tocopherol was inde-
pendent of cheese type.
The accumulation of the secondary lipid
oxidation products hexanal and heptanal
was dependent on time of light exposure,
packaging condition and fat content
(Figs. 2B and 2C). These two lipid oxidation
products showed a lag phase for the ﬁrst
seven days of light exposure in the samples
packed in air in both cheeses. After the
seventh day of light exposure, the accumula-
tion of hexanal and heptanal increased signif-
icantly (P < 0.0001). The accumulation of
another secondary lipid oxidation pentanal
was dependent on time of light exposure,
package condition as well as fat content
(Fig. 2D), but did not follow the same pattern
as the other two secondary lipid oxidation
products, and no lag phase was observed
for pentanal in the cheese with 18% fat.
4. DISCUSSION
The accumulation of lipid hydroperox-
ides indicates that there was no measurable
lag phase, and that the generation of lipid
hydroperoxides was initially formed from
a direct reaction of singlet oxygen with the
unsaturated lipids as stated by Havemose
et al. [10]. As no lipid hydroperoxides were
accumulated in the dark control samples,
direct autoxidation seemed to be of no
importance in the samples which agrees
with the fact that singlet oxygen reacts
~ 1450 times faster with unsaturated fatty
acids compared to the reaction between trip-
let oxygen and unsaturated fatty acids
[9, 26]. The accumulation of lipid hydroper-
oxides continued even after the riboﬂavin
had degraded, and it is proposed that the
oxidation process is a chain reaction or an
alternative reason could be that other sensi-
tisers e.g. chlorophylls [35] with longer life-
time [32] were involved in the generation of
lipid hydroperoxides. Lipid hydroperoxide
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generation did not show any dependence on
the observed plateau in the generation of di-
tyrosine or the complete loss of riboﬂavin.
Therefore, the generation of tyrosyl radicals
seems to be of no importance in the gener-
ation of lipid hydroperoxides, which has
been seen elsewhere [27]. Hence, a singlet
dependence mechanism (type II) [9, 26]
and a continuous chain reaction might be
suggested to give rise to the generation of
lipid hydroperoxides.
The formation of DMDS showed an
accumulation similar to that of the lipid
hydroperoxides in cheese with 18% fat,
and it appeared to continue throughout the
whole period of light exposure, indicating
that a secondary event is responsible for
the generation of these two oxidation prod-
ucts later in the light exposure period.
Higher levels of lipid hydroperoxides were
expected in the cheese with 18% fat com-
pared to the levels in the low fat cheese,
but the higher levels of the protein oxidation
product DMDS, which were observed in the
cheese with 18% fat, were rather unex-
pected. The higher level of DMDS may
reﬂect that a singlet oxygen-mediated reac-
tion is preferred in a system with a higher
fat content due to the higher solubility of
















































































0 2 4 60 2 4 6
Figure 2. Decrease of α-tocopherol (A) in low fat model cheese packed in atmospheric air (○) and
in vacuum (●) and in model cheese with 18% fat also packed in atmospheric air (Δ) and in
vacuum (▼) after illumination with ﬂuorescent light for a period of 21 days and accumulation of
hexanal (B), heptanal (C) and pentanal (D). Rel. Int.: calculated relatively to external standard
curves (ng·mL−1) for hexanal, heptanal and pentanal. Rel. Int. for α-tocopherol: calculated relatively
to the content of α-tocopherol at the beginning of the experiment. Bars indicate standard deviations
of duplicates for all measurements. Small squares illustrate low fat cheese in atmospheric air (○)
and in vacuum (●) for the ﬁrst seven days of light exposure.
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content of lipid-soluble photo-sensitisers in
the cheese with the highest fat content.
The generation of DMDS in the cheese with
18% fat seemed to be somewhat reduced
over time. Such a reduction in the genera-
tion was not observed in the low fat cheese
stored in air. A higher consumption of oxy-
gen in the high fat cheese due to a much
higher formation of lipid hydroperoxides
may result in a lower rate of generation of
DMDS later in the study, but a mixed reac-
tion mechanism involving both type I and
type II mechanisms may be an alternative
explanation for the lower rate. The content
of oxygen was of less importance for the
generation of DMDS than for the accumula-
tion of the other measured oxidation
products. Therefore we suggest that the
generation of DMDS is not solely due to
singlet oxidation as reported elsewhere
[15, 30], but is also caused by a reaction
with other reactive species. However, inde-
pendently of the mechanism involved in
the accumulation of the different oxidation
products shown in the present study, it is
clearly demonstrated by accumulation of
DMDS in vacuum-packed cheeses that
reducing the content of oxygen may not pre-
vent the off-ﬂavour formation caused by
protein oxidation.
The level of hexanal and heptanal indi-
cated a lag phase within the ﬁrst 3–7 days
of light exposure, after which the accumula-
tion increased rapidly. The lag phase corre-
sponds very well to the period of time,
where the content of α-tocopherol, which
was used as marker for naturally occurring
antioxidants, had reached a more or less
constant level in the photo-oxidised cheeses.
These ﬁndings indicate that consumption of
naturally occurring antioxidants has a large
effect on the generation of secondary lipid
oxidation products. However, accumulation
of lipid hydroperoxides did not show any
dependence on the relatively quick con-
sumption of α-tocopherol within the ﬁrst
3–7 days of light exposure, indicating that
singlet quenching by α-tocopherol, and
maybe also other naturally occurring antiox-
idants, was marginal. This is in contrast to
the ﬁnding by Fragata and Bellemare [8]
and Yang et al. [37] who showed α-tocoph-
erol to be an efﬁcient singlet oxygen
quencher. On the other hand, it is well
known that α-tocopherol is a chain-breaking
antioxidant [16]. This agrees with the results
obtained in the present study where the
accumulation of secondary lipid oxidation
was shown dependent on the presence of
α-tocopherol. The loss of α-tocopherol
observed in the present study upon illumi-
nation is in agreement with the ﬁndings of
Havemose et al. [10] who also observed a
decrease of α-tocopherol in milk upon expo-
sure to light.
The accumulation of the third secondary
oxidation product pentanal did not show
any lag phase, and so this lipid oxidation
product did not seem to have the same
dependence on the loss of naturally occur-
ring antioxidants as the other three second-
ary lipid oxidation products. Pentanal
showed an accumulation pattern similar to
the one observed for lipid hydroperoxides,
indicating that the pathway by which pen-
tanal is produced may be different from
the one observed for hexanal and heptanal
as suggested elsewhere [22]. A direct inter-
action with triplet-excited riboﬂavin through
a type I mechanism as suggested by Lee
[21] may explain the difference observed
for the accumulation of pentanal when com-
pared to the accumulation of hexanal and
heptanal instead of a singlet-mediated reac-
tion which is partly responsible for the gen-
eration of hexanal [22, 36].
The generation of dityrosine mirrored the
loss of riboﬂavin for cheeses packed in air,
and a plateau was reached within the ﬁrst
three days of illumination with ﬂuorescent
light. Similar results have been seen previ-
ously in aqueous model systems [5], indi-
cating that the regeneration of riboﬂavin
as suggested by Skibsted [30] is not an
ongoing process, or that the bleaching
of riboﬂavin is much faster than the rate
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of regeneration, hence suggesting incapabil-
ity to preserve the concentration of riboﬂa-
vin. Riboﬂavin has previously been shown
to be able to generate 103–105 molecules
of singlet oxygen before becoming
inactive [20]. The direct dependence on
riboﬂavin indicated an interaction between
triplet riboﬂavin and tyrosine, which is con-
sistent with dityrosine being formed through
a type I mechanism [28]. However, the dity-
rosine formation was approximately three-
fold higher in the cheeses with 18% fat
compared to low fat cheese, and this rela-
tion is supposed to reﬂect the difference in
fat content as the amount of protein was
similar in the two cheese types. The gener-
ation of dityrosine therefore seemed to be
dependent on the fat content. Dityrosine
has been suggested to be formed through
radical reaction with lipid hydroperoxides
[18, 27], and therefore one suggestion could
be that interaction between lipid free radi-
cals and tyrosine residues is responsible
for the higher content of dityrosine found
in the cheese with the high fat content. This
supports the idea of milk proteins acting as
antioxidants as reported elsewhere [6, 31],
and the mechanism behind it may be scav-
enging of free lipid radicals. Alternatively
the higher content of dityrosine in the
cheese with high fat content could reﬂect
more fat-soluble photo-sensitisers as found
by Wold et al. [32]. The fat-soluble photo-
sensitisers detected in various dairy
products [33, 35], e.g. chlorophyll a and
protoporphyrin, have been identiﬁed to
contribute to the singlet oxygen-mediated
type II mechanism and only 20% of
the chlorophyll a activity could be attrib-
uted to other mechanisms (type I or
direct autoxidation) [26]. The same study
showed that protoporphyrin only had
type II activity [26]. Dityrosine is known
to be generated by the type I mechanism
[28]; therefore, the scavenging effect of
tyrosine on free lipid radicals seemed to
be the most likely reason for the higher con-
tent of dityrosine in the cheese with 18% fat
when compared to the low fat cheese. The
plateau observed in the generation of dityro-
sine after the third day of light exposure
was, however, not seen for the lipid hydro-
peroxides; but when the proteins have
formed cross-linkages to a certain extent,
it is hypothesised that they got locked in a
certain position, even though there may
have been generated more tyrosyl radicals
in the proteins later on in the experiment.
These radicals cannot get in contact and
form cross-links with each other.
5. CONCLUSION
The study illustrated that lipid and pro-
tein oxidation in complex matrices such as
cheese is a rather complicated process.
Protein oxidation correlated to the concen-
tration of lipids in the cheeses, and interac-
tion between the lipid radicals and proteins
seemed to be decisive for the generation
of dityrosine, whereas the inﬂuence of lipid
radicals on the generation of the other
protein oxidation product called DMDS
seemed more ambiguous. The content of
α-tocopherol did not affect any of the mea-
sured protein oxidation products (dityrosine
and DMDS), but had an effect on the sec-
ondary lipid oxidation products (hexanal
and heptanal). The contents of protein (dity-
rosine and DMDS) and lipid (lipid hydro-
peroxides, pentanal, hexanal and heptanal)
oxidation products were signiﬁcantly
reduced in vacuum-packed cheeses com-
pared to cheeses packed in air. Even though
the generation of DMDS was reduced in
vacuum-packed cheese when compared to
cheeses packed in air, this study demon-
strates that these protein oxidation products
are formed in vacuum-packed cheese.
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